Pb activities of recent sediment, we evaluated different 22 models to determine the age-depth relation of sediment, and to determine the age of each 23 tephra deposit. The age model is based on a cubic smooth spline function that was 24 passed through the adjusted tephra-free depth of each dated layer. The estimated age 25
Introduction 40 41
Lakes are key geologic archives because, unlike other terrestrial depositional settings, 42 sediment accumulates continuously in lakes and the preservation potential of deposits is 43 high. Late Quaternary lake sediment can usually be dated by radiometric methods such as 44 14 C and 210 Pb. In volcanically active regions, lake sediment preserves tephra from nearby 45 volcanoes and, combined with an age-depth model, can provide valuable records of late 46
Quaternary eruption and tephra-fall frequency. Acquiring a well-dated tephrochronology 47 from lake sediment is challenging, however. Holocene tephras are generally too young 48 for direct dating by the decay of long-lived radioisotopes (e.g., K-Ar). Radiocarbon ages 49 on organic matter directly below or within a tephra bed provide the most useful 50 information for determining the timing of each tephra fall. Bioturbation, hardwater 51 effects, or the input of organic matter to the lake following long-term storage on the 52 landscape can lead to aberrant 14 C ages, however. Moreover, dating each tephra in lake 53 sediment can be impractical because organic matter suitable for 14 C analysis rarely occurs 54 adjacent to each tephra layer, and some lakes contain too many tephra layers to be cost 55 effective (e.g., >100 at Paradox Lake, Kenai Peninsula; de Fontaine et al., in press) . 56 Therefore, the most practical approach to obtaining accurate ages for an entire sequence 57 of tephras within a sediment core is to develop an age-depth model based on interpolation 58 between dated levels (e.g., Andrews et al., 1999) . 59
The type of interpolation best suited for age-depth modeling of sediment cores has 60 been considered in previous studies (e.g., Bennett, 1994; Boreux et al., 1997; Telford et 61 al., 2004a) . Because of the uncertainties inherent in radiometric dating and those 62 only 22 km northwest of the lake. The most recent eruption at Redoubt Volcano occurred 109 in AD [1989] [1990] and consisted of multiple events from December 16 to April 26 (Scott 110 and McGimsey, 1994) . Other historical eruptions from Redoubt include AD 1902 and 111 1966 -68 (Wallace et al., 2000 . 112
The reported frequency of Holocene tephra fall for the Cook Inlet region ranges 113 from about once every 100 yr (Begét et al., 1994; de Fontaine et al., in press) to once 114 every 1000 yr (Riehle, 1985) . Discrepancies in these records reflect the differential 115 ability of various lakes or other depositional environments to record tephra fall, as well as 116 their proximity to the major Cook Inlet volcanoes. 117 118
Methods 119 120
The bathymetry of Bear Lake was mapped prior to coring using a recording sonar fish-121 finder with integrated GPS. On the basis of the survey, multiple sites were targeted for 122 coring ( Fig. 2) in an attempt to recover the thickest sequence of lacustrine sediment. 123
Cores were recovered in August 2005 with percussion and gravity corers operated from a 124 floating platform. Three percussion (7.6 cm diameter) and companion surface cores (6.5 125 cm diameter), up to 5.6 and 0.7 m long, respectively, were taken from water depths ≤ 16 126 m. Coring at site BL-4 (Fig. 2) , located on the interbasin bathymetric high, did not yield 127 a percussion core. Core BL-3, along with its companion surface core, BL-3B 128 (collectively, "BL-3/B"), contain the longest sedimentary sequence and are the focus of 129 this paper. 130
One of the two surface cores from site BL-3 (core BL-3A) was extruded in 131 contiguous 0.5 cm intervals, and the upper 8.5 cm were used for 210 Pb and 256 Cs dating. 132
The other surface core BL-3B, was transported to the lab and used for tephra position and 133 thickness measurements and correlation with the percussion core. Dry bulk density was 134 measured on 4 cm by gamma counting for a minimum of 2 days at the University of Southern California. 137
Laboratory analysis at Northern Arizona University was carried out in the 138 following order: 1) cores were split, photographed, and the major physical sediment 139 characteristics were described; 2) 1-2 cc of tephra was sieved at 1.0 mm (16 mesh) and 140 the largest grain retained was measured with vernier calipers while the grain size of the 141 representative bulk sample was visually compared with a standard grain size chart; 3) 142 magnetic susceptibility (MS) was measured on split-core faces at 0.5 cm intervals using a 143 Bartington MS2 meter with Surface Scanning Sensor MS2E; and 4) vegetation 144 macrofossils for radiocarbon analysis were picked from sieved lake sediment, and dried 145 under a laminar-flow hood. Samples were pre-treated using standard wet-chemistry 146 techniques at University of Illinois, and analyzed for 14 C by AMS at Lawrence Livermore 147 National Laboratory. 148 Twelve 14 C ages were obtained on terrestrial organic material (leaf blades and 149 wood) from BL-3 (Table 2) . Thin, black laminations are prominent and the core and 150 contained leaves that were used for dating. The blade margin of a leaf from a depth of 151 284.5 cm below lake floor (blf) was identified as the genus Alnus. Other blade margins 152
were not sufficiently preserved for identification but resembled sample BL-3-284.5. We 153 attempted to date organic-rich layers near major tephra deposits to avoid long-distance 154 extrapolation of their ages, while aiming for relatively even coverage across the core 155 depth to facilitate a robust age-depth model. The 14 C ages were calibrated to calendar 156 years using CALIB (v 5.0.2; Stuvier and Reimer, 1993) . We used the median probability 157 age output by CALIB as the single best estimate of the central tendency of the calibrated 158 age (Telford et al., 2004b) , and report all ages in reference to cal yr AD 1950. 159 Tephra comprises about 15% of the total thickness of the sediment sequence in core BL-166 3. Individual tephra layers range from 0.1 to 8.0 cm thick and most lack internal 167 structure. Tephra grains are light to dark gray and range in size from ash to lapilli. Both 168 glass shards and pumice fragments are present. On a fresh surface, the surrounding gyttja 169 is olive-green to brown, but oxidizes rapidly to dark brown. Most of the tephra layers 170 exhibit sharp basal contacts with the underlying gyttja and the upper contacts are 171 gradational over a few millimeters (Fig. 3 photo inset) . Comparison between measured 172 MS and tephra layers shows that MS can be used to faithfully detect each tephra layer. A 173 total of 67 tephra layers were documented in core BL-3/B; each tephra is labeled 174 according to its basal depth measured to the nearest 1 mm blf (Table 3) . fit between visually correlated tephra of BL-3 and BL-3B (Fig. 3 graph inset) suggest that 177 ~10 cm of sediment was lost during recovery of the percussion core. The non-linear 178 depth correlation between the short and long cores from the same site is attributed to 179 differential compaction during gravity and percussion coring. To account for the missing 180 sediment, depths in core BL-3 were adjusted by 10.0 cm to obtain depths blf. The length 181 of time for tephra deposition was considered to be negligible compared to the ambient 182 sedimentation rate. As such, each tephra horizon was assigned an adjusted, tephra-free 183 depth blf by subtracting the cumulative thickness of all overlying tephra. 184 Cs activity at 0.75 cm blf with the Chernobyl nuclear reactor incident of 1986 198 which has been identified in lake sediments and glacier ice in the northern hemisphere 199 (Pinglot and Pourchet, 1995) were combined to construct an integrated age-depth model for core BL-3/B based on the 221 tephra-free depths of the dated levels. We evaluated the performance of two functions in 222 modeling the age-depth relation of the core: a least-squares polynomial and a cubic 223 smooth spline (Fig. 5a ). The latter was constructed using the formulation of Heegaard et 224 al. (2005) is determined by the K value, which is the number of splines used in the regression. K 229 values may range from 1 to n-1, where n = the number of dated levels. For K = n = 14, 230 the age model (blue curve in Fig. 5a ) appears to over-interpret changes in the 231 sedimentation rate. Lower K values tend to produce a smoother fit, but show little 232 difference between K = 3 and K = 13 for dated levels in BL-3/B. We selected K = 9, 233 which is about the average of all model ages (3 < K < 14), determined by summing the 234 absolute age difference of each 1 mm interval of each model versus the average of all 235 models. 236
The 4 th order least-squares and spline functions generate similar age-depth models 237 for the core. The average absolute difference between the two models evaluated at 10 cm 238 increments is 15 yr, and the two differ by more than 100 yr over only one short interval 239 (440-400 cm; Fig. 5a inset) . This similarity is despite the fact that the least-squares fit is 240 based on the median probability age, whereas the spline fit uses the midpoint of the 1 241 sigma probability range. Where sedimentation-rate changes are more complicated, or 242 where the number of ages is large relative to the number of sedimentation rate changes, 243 then the spline function would likely out-perform other models (Telford et al., 2004a) . 244
An additional advantage of the cubic spline model is its capability to estimate the 245 age uncertainty at each level in the core (Heegaard et al., 2005) . The model adopts a 246 conservative approach to assessing the uncertainty by combining both the uncertainty 247 associated with individual calibrated ages (within-object variation) with the uncertainty 248 of how well the age represents the age of a particular core level (between-object 249 variation). Following the Heegaard et al. (2005) (Fig. 5b) , and therefore seems appropriate. The resulting age uncertainty averages ± 254 105 yr over the ca. 8750 yr sediment sequence. For comparison, we also input the 2 255 sigma calibrated age ranges into the model, but found the resulting error envelope to be 256 unrealistically broad over some segments of the core ( Fig. 5b ; average uncertainty = ± 257 140 yr). Following Heegaard et al. (2005), we adopt the error estimates derived using the 258 1 sigma calibrated ranges for tephras from Bear Lake (Table 3) . 259 260
Tephra ages 261 262
The spline-fit age model shows that the core penetrated sediment as old as 8750 cal yr. 263
The function generated a list of ages for each 1 mm increment of core, which we used to 264 determine the age at the base of each of the 67 tephra layers (Table 3) . On the basis of 265 the spline-fit model, the average age uncertainty for the 67 tephras is the same as the 266 average uncertainty over the entire core (± 105 yr). 267
We used the CRS model to assign ages to the top two tephras (BL-3B-3.0 and 268 BL-3B-5.6). We recognize, however, that the position and thickness of these tephras was 269 measured on a separate core (BL-3B) than that which was analyzed for 210 Pb and 137 Cs 270 (BL-3A). We apply an uncertainty of ± 20% to approximate the error of applying the 271 210 Pb age from one core to the tephra in another. The ages of the two tephras are -15 ± 272 10 and 50 ± 20 cal yr (Fig. 4b) , which suggests that they were derived from historical 273 eruptions of Redoubt Volcano in AD 1966 -68 and 1902 (Miller et al., 1998 . Tephra from 274 the most recent eruption of Redoubt Volcano (AD 1989-90) is not represented at Bear 275 Lake, however, possibly because the eruption occurred in the winter months, when the 276 surface of the lake was frozen, and because the predominant winter wind pattern is to the 277 northeast. Similarly, sediment cores from Paradox and Tustemena lakes ( Bear Lake sediment is not uniform throughout the Holocene (Fig. 6) . Sediment deposited 287 during the last 500 yr contains among the highest number of tephra layers (8) compared 288 to other 500 yr intervals (average = 3.7 per 500 yr interval) back to 8500 cal yr. The Bear 289 Lake sediment record shows extended periods (1000-2000 yr) of increased tephra-fall 290 activity separated by shorter periods (500-1000 yr) of quiescence. Tephra-fall frequency 291 was highest (n = 17) between ca 2000-3500, and lowest (n = 1) ca. 1000-1500 and 8000-292 8500 cal yr (Fig. 6) . 293 Riehle (1985) presented data from a sediment core taken from the west sub-basin 294 of Bear Lake in water depth of about 10 m (T. Ager, written communication, 2006) , 295 where sedimentation rate is lower compared to site BL-3 in the east sub-basin. Riehle's 296 2.8-m-long core spans at least 10,000 yr BP. Riehle (1985) characterized inter-tephra 297 sediment as "silty fine sand," which was not found in core BL-3/B, suggesting that the 298 shallower core site has a different sedimentation regime. This is supported by our surface 299 core from site BL-4 in 5.5 m water depth, which contained a 6-cm-thick sand layer. 300
Thirty-eight tephra layers were previously documented from Bear Lake by Riehle (1985) . 301
Based on grain size and geochemistry, 17 of the coarsest (pumice grain intermediate 302 diameter >0.10 cm) tephra deposits were assigned to Redoubt Volcano, and 13 fine-303 grained tephras were provisionally assigned to Redoubt Volcano based on the assemblage 304 of mafic phenocrysts. Thus, Riehle (1985) suggested that the average length of time 305
separating Holocene eruptions of Redoubt Volcano was between 200 and 500 yr. No 306 tephras were assigned to Iliamna, Spurr, or Augustine Volcanoes, at least one was 307 correlated with Hayes volcano, and seven tephras could not be assigned to a source 308 volcano. 309
Our core from Bear Lake contains almost twice the number of tephra layers over a 310 shorter interval compared to Riehle's (1985) core from the same lake. We attribute the 311 more complete record to a core site with higher sedimentation rate, and suggest that 312 tephra layers from different eruptions might be amalgamated where sedimentation rates 313 are lower. In addition, our core site is located in the center of the deepest sub-basin and 314 farther from the shoreline, where bottom sediment is less likely to be remobilized by 315 near-shore currents, especially if past lake levels were lower. All of the tephras are 316 relatively pure and the sediment enclosing tephra layers contains little volcanic glass, 317 indicated that each tephra is primary and that reworking of older tephra into younger 318 deposits was minimal. 319
Using the same grain-size criterion as Riehle (1985) , tephra layers containing 320 grains of intermediate axis >0.10 cm was likely erupted from Redoubt Volcano. Twenty-321 nine tephras in our core meet this criterion (Table 3 bold), indicating an average tephra-322 fall frequency from Redoubt Volcano of once every 300 yr. This is an underestimate of 323 the Redoubt Volcano eruption frequency because it does not include any of the finer-324 grained tephras, many of which were probably derived from Redoubt Volcano. 325 Furthermore, we cannot account for tephra plumes that did not result in deposition at the 326 bottom of Bear Lake (e.g., winter eruption of 1989-90). Our study of the provenance of 327 Bear Lake tephras, including geochemical analyses, is in progress, and will provide a 328 better estimate of the eruption frequency of Redoubt Volcano. 329
Wind patterns in the Cook Inlet region vary between seasons and modern wind 330 patterns may not be representative of other times during the Holocene. Variations in 331 tephra-fall frequency at Bear Lake, therefore, might reflect changes in wind patterns 332 rather than changes in the eruptive activity. Plume height and short-term variations in 333 wind direction also strongly influence tephra and ash-plume trajectory. For example, 334 Scott and McGimsey (1994) report tephra distribution maps for the 1989-90 eruption that 335 suggest highly variable wind patterns over the eruptive period, producing a wide area of 336 thin, tephra deposits. With these considerations, the frequency of tephra fall determined 337 from Bear Lake is considered a minimum. 338 339
Tephra correlations 340 341
Tephra BL-300.5 is most likely from the Hayes volcano, which produced the most widely 342 distributed tephra of Holocene age yet identified in south-central Alaska (Riehle et al., 343 1990; Begét et al., 1991) . The Hayes tephra is a set of multiple layers erupted between 344 3800 and 3500 14 C yr BP (Riehle et al., 1990) , which calibrates to between 4190 and 345 3780 cal yr. A distinguishing characteristic of the Hayes tephra is the presence of biotite 346 phenocrysts (Riehle et al., 1990) . In core BL-3/B, the fine-grained, 8-cm-thick tephra 347 layer containing biotite comprises at least two tephra beds separated by 1.5 cm of brown 348 gyttja with lower MS (Fig. 3 ). Our age model yields an age for the base of the tehpra set 349 at 4030 ± 90 cal yr, within the range of previous estimates. Two other recently studied 350 lake cores from Kenai Peninsula place the Hayes tephra between 3830 and 3730 cal yr 351 (Paradox Lake) and between 4130 and 3780 cal yr (Tustumena Lake; Fig. 1 14 C ages from the outer ring of a large, in growth position tree constrains the age 360 of these deposits (Begét and Nye, 1994) . The only tephra within this age range in our 361 core from Bear Lake is a 0.1-cm-thick, fine ash at 297.9 cm depth deposited 3930 ± 90 362 cal yr (Table 3) . If this tephra layer was deposited during the same eruption that 363 emplaced the lahars in Crescent River valley, then little tephra was produced or at least 364 deposited at Bear Lake, despite the large lahars that were generated. Alternatively, there 365 is a 3.5-cm thick ash at 275.5 cm depth, which is closely followed by a 1.2-cm-thick 366 coarse ash dated at 3480 ± 90 cal yr. If the lahar deposits correlate with this tephra, then 367 the age model from our core indicates an age of about 400 yr younger than the Core BL3/B contains at least four tephras from Redoubt Volcano over the past 377 500 yr based on coarse grain size (Table 3, bold) . This is consistent with the number of 378 eruptions inferred from other evidence, including volcaniclastic deposits in the Drift 379
River valley, north of Bear Lake (Begét and Nye, 1994) , and the three tephras that were 380 erupted from Redoubt Volcano within the past 500 yr and were identified in a core from 381 Skilak Lake, located on the Kenai Peninsula, 150 km east of the Redoubt Volcano (Begét 382 et al., 1994) . The correlations between the tehpra at Bear Lake and any of these other 383 deposits will require new geochemical analyses. 384 385
Conclusions 386 387
Lacustrine sediment from Bear Lake contains at least 67 tephra layers of Holocene age, at 388 least 29 of which were likely erupted from nearby Redoubt Volcano. Our study 389 reconfirms that lake deposits in south-central Alaska recovered by conventional coring 390 techniques can yield high-quality records of tephra fall. It also provides an example of 391 developing an age-depth model using a reasonable number of depth-controlled 392 radiometric ages to determine the ages of many tephra layers. Our tephra record from the 393 base of Redoubt Volcano nearly doubles the number of tephra-fall events at Bear Lake 394 compared to previous studies and indicates an average fall frequency of one event every 395 300 yr. Our data also indicate extended periods of increased tephra fall between shorter 396 periods of apparent quiescence, and adds a longer-term context to the volcano's historical 397 activity (for example tephra-fall at Bear Lake during the past 500 yr was at least as 398 frequent as any other 500 yr interval of the last 8500 yr). Our age-depth model also 399 provides ages of tephra beds that can be used as time markers at other sites, and will be 400 used as the basis for subsequent tephrochronology studies once geochemical analyses of 401 the tephras are complete. (2005) based on input of both 1 and 2 sigma age ranges. Each tephra in core BL-547 3/B was assigned an age based on the spline fit with K = 7; associated age uncertainties 548 were based on error estimates that incorporate the 1 sigma age ranges. Individual 14 C 549 ages are shown as calibrated median probability age with errors of 2 sigma ranges output 550 by CALIB (Table 2) . 551 Pb, bulk density, and sample-interval thickness. Interpolated thicknesses were used for the four deepest samples. Median probability ± one half of 1 σ age range from CALIB v.5.0.2 (Stuvier and Reimer, 1993) . 
